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ABSTRACT  
EMILY MORGAN SMITH: Initial Breakdown Pulses in Lightning Flashes 
(Under the direction of Dr. Thomas Marshall) 
 
Initial Breakdown (IB) pulses in lightning flashes have been observed since 1937. 
Using two sensor arrays to determine the location and amplitude of IB pulses, this study 
examines the largest IB pulse in 55 flashes with 23 pulses from intracloud (IC) flashes 
and 32 pulses from cloud-to-ground (CG) flashes. The two goals of this project were (1) 
to compare the range-normalized amplitude of the largest IB pulse to its altitude, duration, 
and timing within each flash, and (2) to characterize the shapes of the IB pulses. Since all 
lightning flashes seem to begin with IB pulses, this study is aimed at providing new 
information about how lightning flashes initiate. We looked for differences between the 
initiation of CG and IC flashes, and the results had conflicting indications. The largest IB 
pulse in IC flashes had an altitude dependence, with pulses at higher altitudes having a 
smaller amplitude, while CG pulses did not have an altitude dependence.  The durations 
of the pulses in this study were also different, with IC pulses almost twice as long on 
average as CG pulses. Although these parameters differed between flash types, 
histograms of range-normalized pulse-amplitudes were very similar for CG and IC 
flashes. The time from the beginning of the flash to the largest IB pulse (Δt) indicated 
that 76% of IB pulses occurred within the first 2 ms, that all large pulses (>2.5 V/m) 
occurred within 2 ms, and that pulses occurring after 3 ms were exclusively smaller 
pulses (<1.5 V/m). In the analysis of IB pulse shapes, five IB pulse types are described, 
indicating that pulse shape is more variable than previously appreciated. The shape data 
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suggest that the largest IB pulses are not the same as the events known as Narrow Bipolar 
Pulses. 
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1. Introduction  
A series of Initial Breakdown (IB) pulses occurs at the start of all intracloud (IC) 
and cloud-to-ground (CG) flashes [Marshall et al., 2014]. At the beginning of a flash, 
this IB stage is recognizable by a series of bipolar pulses in the Electric-field change 
(E-change) data lasting for the first 2-10 ms in CG flashes [e.g., Clarence and Malan, 
1957] and 5-20 ms in IC flashes [e.g., Bils et al, 1988]. IB pulses have been measured 
and identified with E-change data since 1937 [Appleton and Chapman, 1937], but the 
locations of these pulses were unknown. Recently, several types of lightning locating 
systems have made it possible to locate the exact coordinates of IB pulses [e.g., 
Karunarathne et al., 2013; Wu et al., 2014]. This information can be used to 
determine a range-normalized value of amplitude so that pulses can be compared 
without the problem of a closer pulse being larger due to proximity to the sensor.  
 This new information presented the opportunity to learn new things about IB 
pulses of lightning flashes; this thesis is based in part on exploiting that opportunity. 
Following a detailed study on how many CG flashes began with IB pulses [Marshall 
et al., 2014], it was a natural extension to examine an array of other data connected 
with the pulse. We were originally intrigued to investigate whether or not the range-
normalized amplitude of the largest IB pulse in each flash had a correlation with the 
altitude of that pulse. As more information was collected, we realized that the range-
normalized data could be used for comparisons between IC and CG pulse amplitudes, 
between amplitude and the time delay before the largest pulse, and between 
amplitude and pulse duration.  
	  2	  
 As the analysis of the largest IB pulse continued, we realized that no study of IB 
pulse shapes had occurred with the more recent, higher resolution data. Weidman and 
Krider [1979] described the typical shape in both positive and negative IB pulses as 
an overall bipolar shape, with “two or three narrow, fast-rising pulses superimposed 
on the initial half-cycle.” We were interested to collect additional information about 
the shape of the IB pulses, and to determine if any types and patterns emerged beyond 
the description of Weidman and Krider [1979]; this investigation is the second part of 
the thesis. 
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2. Data Sources and Methods  
The data in this study were recorded from lightning events occurring in the 
vicinity of the NASA Kennedy Space Center (KSC) in Florida on July 11, August 1, 
and August 15, 2010. Both cloud-to-ground and intracloud flashes were analyzed. 
The two main data sources were an array of four E-change sensors and an array of 
seven magnetic field change sensors called LINET. In addition data were collected 
with an array of very high frequency (VHF) sensors called LDAR. These sensors 
have been described in detail by Stolzenburg et al. [2012] and will be briefly 
described next. 
2.1.     University of Mississippi Electric Field Change Sensors 
Flat-plate electric field change antennas collected E-change data at four separate 
locations shown in Figure 1. These four sensor sites are referred to as K02, K14, K24, 
and Weather Station B (WSB). These sites had the capability of collecting data on 
three separate sensors, ch1, ch2, and ch3, all of which had different properties and 
sensitivities. The relevant sensor in this study, ch3, was sampled at 1 MS/s 
(megasample/second) and digitized at 12 bits. The RC decay time was 1 s. We note 
that the E-change sensors of Weidman and Krider [1979] used an 8-bit digitizer, so 
our sensors were better able to investigate IB pulse shapes. 
Using the information collected and stored at the four sensor sites, the fast 
(microsecond) E-change pulses associated with the initial breakdown stage of 
lightning initiation can be analyzed in detail. Using the physics convention for 
polarity and direction of electric field, the IB pulses have been separated into negative 
pulses for cloud-to-ground flashes and positive pulses for intracloud flashes [e.g., 
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Weidman and Krider, 1979; Marshall et al., 2014].  
For each CG and IC flash, we determined which IB pulse had the largest zero-to-
peak amplitude, with zero taken as the E-change level just before the pulse began. 
This was measured as an E-change in volts per meter and recorded along with the 
duration of the pulse. These E-change amplitudes had an error of ±2%, with a 
minimum detectable change of 0.3 V/m [Karunarathne, 2013]. We also noted if the 
largest peak was the first pulse in the series of IB pulses, and if it was not, we 
recorded the time that elapsed (Δt) between the indications of the beginning of the 
flash (first LDAR point, first IB pulse, or first sign of a slope in the E-change data) 
and the largest pulse (see Figure 2). These IB pulses were analyzed on time intervals 
ranging from 100 to 800 microseconds in order to compare and categorize the typical 
shape of an IB pulse.  
The zero-to-peak amplitude of the largest IB pulse was then range-normalized to 
100 km using its horizontal distance, R, from the E-change sensor farthest from the 
IB pulse and the measured amplitude at that sensor. The range-normalization method 
is described by Marshall et al. [2014]; essentially the amplitude varies as 1/R. 
However, Marshall et al. [2014] used the location of the return stroke as an estimate 
of the distance from the sensor to the IB pulse, while we used the location of the IB 
pulse itself, as determined by LINET, if available, or LDAR (LINET and LDAR are 
described next.). 
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Figure 1. A map of the 2010 sensors at KSC in Florida. The blue balloons indicate the 
E-change sensors: K02, WSB, K14, K24, and BCC (from top to bottom). The sensor 
at BCC was not used in this study. The red tacks point to the LINET sensors, and the 
pink balloon is the origin of the coordinate system.  
 
 
Figure 2A.The IB stage of a CG flash. The first six milliseconds are shown, with the 
time delay before the largest IB pulse indicated (Δt).  
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Figure 2B. An expanded view of the largest IB pulse of the same CG flash. This is an 
example of the figures in Appendix A, which contains one figure for each of the 55 
IB pulses examined.  
2.2.     LINET 
The LIghtning NETwork (LINET) deployed around KSC in 2010 was a seven-
station system, similar to the system described in Betz et al. [2004]. LINET records 
data in the VLF/LF frequency bands and uses a time-of-arrival technique to locate the 
position of lightning events. Of special value for this study, LINET both “locates and 
discriminates between in-cloud events and ground strokes,” [Stolzenburg et al., 2012] 
making it possible to determine the exact time, location (x,y), and altitude (z) of the 
largest IB pulse in many flashes. Typical horizontal error is within 150 m, and 
vertical error is less than 15% of total height [Betz et al., 2007; Betz et al. 2009]. 
LINET also provides an estimate of the range-normalized peak current of each 
observed pulse, with a minimum detectable current magnitude of ~1 kA, but with 
decreasing detection efficiency below 1.5 kA [Betz et al., 2007]. The initial goal of 
this project was to explore the relationship between amplitude of E-change of the 
largest IB pulse and the pulse’s altitude; therefore, flashes evaluated in this way were 
limited to those for which the LINET system detected and located the largest IB pulse. 
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Additional comparisons of the range-normalized IB pulse amplitudes are also 
included below.  
 
2.3.     LDAR 
The Lightning Detection and Ranging (LDAR) system is a VHF lightning 
locating system with 9 sensors operated by KSC. The LDAR data provided the (x,y) 
location of IB pulses when LINET data points were unavailable. This system allowed 
the measurement of the horizontal distance between the IB pulse and the furthest 
sensor. Even if no LDAR point directly coincided with the time of the largest IB 
pulse, data from nearby IB pulses were available for each flash, making it possible for 
a horizontal distance to be recorded for every flash. This distance was used in 
combination with the zero-to-peak amplitude of the E-change to calculate a range-
normalized (to 100 km) value as described above.  
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3. Results Based on Range-Normalized Amplitudes 
In all, we determined the amplitude of the largest IB pulse in 55 flashes for which 
there was a LINET or LDAR location of the IB pulse. LINET locations were used for 
37 of the flashes (16 CG and 21 IC) (See Table 1). 
Each of the 32 CG and 23 IC flashes of this study were evaluated at the triggered 
sensor furthest from the location of the event, ranging from 6.7 to 31.7 kilometers 
away, with an average distance of 16.7 km. The furthest sensor was used in order to 
minimize the distortion that can come from electrostatic offset at sensors close to the 
event. 
 
 
 
 
 
Table 1. A breakdown of pulses by type (CG or IC) and by locating system used 
(LINET or LDAR). *One CG pulse was detected by LINET, but at an incorrect 
altitude of zero kilometers. This LINET data point was used to find the horizontal 
distance, but this flash will not be included in the altitude evaluation in section 3.3.  
3.1.     Comparison of Range-Normalized Amplitudes of CGs to those from Marshall 
et al. [2014]  
The data from Marshall et al. [2014] come from 103 CG flashes in Florida, 
acquired from the same sensors, including 34 flashes from August 1 and August 15, 
2010, and 69 flashes from August 14, 2011. Overall, the IB pulse amplitudes from 
our data tended to be larger, with a mean of 1.48 V/m and median of 1.04 V/m, 
compared with the data in Marshall et al., which showed a mean and median of 1.1 
 IC CG Total  
LINET 21 16* 37  
LDAR (LINET not available) 2 16 18  
Total 23 32 55  
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V/m and 0.67 V/m, respectively. Figure 3 shows a histogram of the Florida data from 
Marshall et al. (Figure 4 in that paper) as it compares to the data of this study. Our 
2010 data had a significantly lower number in the smallest bin of IB pulses (12.5% 
versus just over 35%), while the pulses in the second bin, ranging from 0.5 to 1.0 V/m, 
had a comparable frequency (between 30-35%). Mid-sized pulses (1.5 V/m to 3.5 
V/m) varied in frequency between the studies, with the trend of a lower frequency of 
large amplitudes holding true for both. Pulse amplitudes greater than 4.0 V/m were 
unlikely in both studies, with just 4% in Marshall et al. and 3% in this study. A 
comparison of the 2010 data from August 1 and August 15 used in the two studies 
shows that the LINET data are biased to larger amplitudes; this bias probably 
accounts for the small differences in the two histograms in Figure 3. In general, the 
data collected herein on the largest IB pulses in CG flashes seems quite similar to the 
findings of Marshall et al. [2014]. 
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Figure 3. Histogram of pulse amplitude of the largest IB pulse in negative CG flashes, 
range-normalized to 100 km. The red bars show data from this study (32 flashes), 
while the green bars show data from Marshall et al. [2014] (103 flashes). The data 
from each study have been converted to “Relative Frequency” by dividing by the total 
number of flashes. Bins are labeled as follows: bin 0.5 has amplitudes < 0.5, bin 1.0 
has 0.5 ≤ amplitude < 1.0, etc. 
 
3.2.     Comparison of Range-Normalized Amplitudes of CG and IC Flashes 
To the best of our knowledge, the range-normalized amplitudes of IB pulses have 
never been compared between CG and IC flashes. This information could provide 
clues on how (or if) lightning initiation mechanisms differ between IC and CG flashes. 
The same 32 CG flashes used previously were used to compare data with the 23 IC 
flashes. As seen in Figure 4, the CGs and ICs seem to have quite similar overall 
trends in amplitude. One noticeable difference in the histograms is that no IC flashes 
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in this study had amplitudes less than 0.5 V/m. However, a focus of our analysis on 
pulses with LINET locations (67% of the pulses used) may cause the smaller fraction 
of range-normalized amplitudes less than 0.5 V/m for CG flashes (as mentioned in the 
previous section) and may also cause the lack of range-normalized amplitudes less 
than 0.5 V/m for IC flashes. The means and medians are quite similar between the 
two groups: a mean of 1.52 V/m and median of 1.12 V/m for the IC data, and a mean 
of 1.48 V/m and median of 1.04 V/m for the CG data. Overall trends are further 
confirmed by looking at the smallest pulses (less than 1.0 V/m), with 47% CGs and 
43% ICs fitting in this category, and the largest pulses (greater than 4.0 V/m), 
comprising of 3.1% of CGs and 8.7% of ICs. In summary, the amplitudes of the 
largest IB pulse are quite similar for IC and CG flashes in our dataset.  
	  12	  
 
Figure 4. Similar to Figure 3, but comparing the relative frequency of range-
normalized amplitudes of the largest IB pulse in 32 CG flashes and in 23 IC flashes.  
 
3.3.     Range-Normalized Amplitude versus Altitude in CG and IC Flashes  
In order for a flash to be eligible for this part of the evaluation, we ensured it had 
a LINET point corresponding with the IB pulse with the largest peak. LINET 
provided the IB pulse altitude and the (x, y) location needed for range-normalizing 
the pulse amplitude. The largest pulse was chosen as an extension of the work of 
Marshall et al. [2014], which looked at the largest IB pulse in 103 CG flashes. The 
exact time and x, y, z location were recorded for the thirty-six flashes (15 CG and 21 
IC) with an IB pulse that fit the above criteria. It is important to note that altitude and 
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peak current were not determined for the flashes studied by Marshall et al. [2014], 
and this added information has made it possible to study IB pulses in a new way.  
Figure 5 shows the distribution in altitude of these 36 pulses compared to their 
amplitude. From the scatter plot, we observe that the IB pulses in IC flashes occurred 
at higher altitudes than IB pulses in CG flashes. The lower CG pulses occurred 
between 3700 and 7000 km, with an average altitude of 5750 km. The higher IC 
pulses ranged from 7000 to 10100 km, with an average of 8820 km.  
For the 21 IC flashes, there seems to be a correlation between altitude and 
amplitude, with smaller peaks occurring at higher altitudes; the regression line shown 
has R=0.67. The IB pulse amplitudes of the 15 CG flashes do not seem to have an 
altitude dependence.  
Although we know of no prior studies of IB pulse amplitudes versus altitude, Wu 
et al. [2014] studied narrow bipolar events (which are superficially similar to IB 
pulses) and made a similar observation that we now discuss. Wu et al. [2014] 
considered, in particular, narrow bipolar pulses that are the first event in IC lightning 
flashes. They call these pulses initiating-type narrow bipolar events, or INBEs; 
INBEs are followed within a few ms by typical IB pulses. They stated that “as the 
height of the INBE increases, pulses following it become weaker.” Their Figure 8b 
shows that the amplitude of the largest IB pulse following the INBE becomes smaller 
with increasing altitude of the INBE and also with increasing altitude of the largest IB 
pulse. Thus the data of Wu et al. [2014] seem to agree with the finding of this study: 
the amplitude of the largest IB pulses of IC flashes decreased as their altitude 
increased. Wu et al. [2014] hypothesized that “certain conditions at higher altitudes 
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make pulses following INBEs more difficult to occur,” and the same (unknown) 
conditions may be affecting the IB pulses that we have focused on in this report.  
 
Figure 5. Amplitude of the largest IB pulse, range-normalized to 100 km, versus pulse 
altitude. The linear regression line for the IC pulses is shown.  
 
3.4.     Range-Normalized Amplitude versus Time from the Beginning of Flash  
  The next information gathered in the analysis of the pulses was the time elapsed 
(Δt) between the beginning of the flash and the largest IB pulse. This time ranged 
from 0 to 11.1 milliseconds, with five out of the 55 largest IB pulses occurring before 
all other pulses, including two in IC flashes and three in CG flashes. The mean Δt 
(including these five 0 ms flashes) was 1.7 ms, with a median of 0.8 ms.  
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Figure 6 shows this time compared to the amplitude of the largest pulse. The 
larger pulse amplitudes tended to occur closer to the beginning of the flash, with all 
15 pulses greater than 2.0 V/m occurring within the first 3 ms and 11 of these 15 
pulses occurring within the first 1 ms.  
Another noticeable trend was for longer times to be associated with smaller 
amplitudes. For example, times longer than 3 ms were associated exclusively with 
peak amplitudes less than 1.5 V/m. (Note, however, that most of the smaller peaks 
were concentrated at times less than 3 ms).  
The IC pulses typically occurred at a longer time after the beginning of the 
flash than CG pulses, with a mean of 2.8 ms and median of 1.4 ms, compared to the 
CG pulse mean occurrence time of 0.9 ms and median of 0.5 ms. IC flashes typically 
have a longer time interval between pulses (780 microseconds compared to 130 
microseconds in CG flashes) [Weidman and Krider, 1979], which may be one reason 
that a longer time from the beginning can be seen in IC flashes in this study.  
Seventy-six percent of the pulses occurred within the first 2 ms of the flash, 
but breaking this down into the different flash types, two-thirds of these early pulses 
are from CG flashes, and the remaining third are IC pulses. Unlike the CG pulses, of 
which 88% occurred within the first two milliseconds, the timing of the IC pulses 
varied more widely, with 61% occurring in this same time range, 13% occurring 
between 2 ms and 4 ms, and the remaining 26% occurring at a time greater than 4 ms 
after the start of the flash.  
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Figure 6. Amplitude of the largest IB pulse, range-normalized to 100 km, versus time 
elapsed (Δt) from the beginning of the flash to the largest IB pulse. 
 
3.5.     Range-Normalized Amplitude versus Largest IB Pulse Duration  
 The final information gathered for each flash was the duration of the largest IB 
pulse, which we determined began at the initial rising or falling of the pulse and 
ended when the over-shoot leveled out. In Appendix A, the duration for each pulse is 
marked and labeled on each CG and IC pulse for reference. In Figure 7, the duration 
is compared to the range-normalized amplitude. The smaller amplitude pulses were 
more likely to have longer durations than the larger amplitude pulses; all of the pulses 
with durations longer than 100 microseconds seen in this study were IC pulses with 
range-normalized amplitudes less than 2.0 V/m.  
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The IC pulses lasted longer than the CG pulses, with an IC mean of 70 µs and 
median of 63 µs and CG mean of 37 µs and median of 34 µs. This matches well with 
the findings of Weidman and Krider [1979], who found that “positive polarity” (our 
CG pulses) waveforms had a pulse width mean of 41 µs, and “negative polarity” (our 
IC pulses) waveforms had a pulse width mean of 63 µs; note however that their 
statistics were for all IB pulses measured rather than being restricted to the largest IB 
pulse in each flash (as in our study). Weidman and Krider emphasized that the IC 
pulses had more variability in duration than the CG pulses did, and this same 
variability is seen in the IC pulses herein. Of the IC pulses, 22% had a duration 
between 20-40 µs, 26% between 40-60µs, 22% between 60-80µs, and the remaining 
30% had a duration longer than 80µs. Since 67% (37 out of the total 55 flashes) of 
our data had a corresponding LINET point, it is important to point out that the data 
from these two studies match so well, suggesting to us that the LINET system is not 
skewing our sample towards shorter or longer duration pulses.  
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Figure 7. Amplitude of the largest IB pulse, range-normalized to 100 km, versus pulse 
duration.  
 
For six of the IC pulses, it was unclear where the duration of the pulse should start 
and/or end. For these pulses, we have noted two durations and marked both on their 
respective image in Appendix A. Figure 7 includes the data for the shorter of the two 
durations, so these data have been replotted in Figure 8 with the longer duration 
replacing the shorter one.  
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Figure 8. Similar to Figure 7, but with a longer, alternate duration replacing the 
original duration of six of the IC pulses.  
 
3.6.     Range-Normalized Amplitude versus Peak Current   
In order to check that the range-normalized amplitude of the largest IB pulse 
matched reasonably well with the peak current recorded by LINET, a scatter plot 
(Figure 9) was created to compare these two values. The range-normalized amplitude 
and peak current should have a linear relationship, and the regression lines for both 
the CG and IC pulses are shown. The peak current was only considered if the polarity 
of the value matched with the polarity of the pulse; due to this, only 25 out of the 37 
LINET peak currents could be used. 
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Figure 9. Amplitude of the largest IB pulse, range-normalized to 100 km, versus peak 
current. The linear regression line is shown for both the CG and IC pulses.  
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4. Results on IB Pulse Shapes 
Weidman and Krider [1979] made the first study of IB pulse shapes. They 
described “the shapes of the large-amplitude pulses,” which would correspond to the 
same types of pulses in this paper. Weidman and Krider went on to say, “all tend to 
be very similar; that is, the basic waveform is bipolar with several fast, almost 
unipolar pulses superimposed on the initial half cycle.” While some pulses fit this 
description, many did not. Appendix A shows the variety of shapes that our group of 
55 IB pulses can take. We have divided the pulses into five types, which are each 
described below. The first three groups have characteristics seen in both CG and IC 
pulses, but the last two types are applicable only for one flash type. Each of these 
types contains significant variety within it, but the relevant parameters that helped 
form the group are explained here.  
4.1.     Type I 
We identified Type I as the pulses that had the most simple, bipolar shape. These 
IB pulses did not have any other significant pulses on the waveform, and pulses of 
this type are seen in both IC and CG flashes. Only 3 of the 23 IC pulses (13%) and 7 
of the 32 CG pulses (21.9%) fit this into this category. The average duration was the 
shortest of any other type (within the same polarity): 42 µs for IC pulses and 28 µs 
for CG pulses.  
An interesting problem arises when attempting to differentiate between IB pulses 
and narrow bipolar pulses and determine if they are the same. Wu et al. [2014] 
focused their attention on narrow bipolar pulses with “quite loose” criteria. They 
required that their narrow bipolar pulses have a pulse width smaller than 12 µs and 
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have an essential “abrupt change” at the start of the pulse. This feature “ensured 
[their] selected NBEs are not pulses associated with normal initial breakdown 
processes.” None of the IB pulses in this study had a duration shorter than 12.6 µs, 
and an abrupt change like the one seen in Figure 2a of Wu et al. [2014] was not 
observed in any of our pulses. This led us to conclude that the IB pulses herein did 
not resemble the narrow bipolar pulses that Wu et al. describe.  
4.2.     Type II  
Type II included 10 IC pulses (41.7%) and 14 CG pulses (43.8%) that were most 
similar to the classic definition set by Weidman and Krider. In this category, the 
pulses have from one peak to several peaks of increasing size on the rising side of the 
IB pulse, with the largest peak as the last, main peak before the overshoot and end of 
the pulse. These leading peaks do not return to the zero level before the next peak 
begins. The average duration of this group was significantly longer than Type I, at 70 
µs for IC pulses. For CG pulses, the average duration was more similar to the first 
type, with a mean of 33 µs. 
4.3.     Type III 
The third type pulse included 5 (20.8%) of the IC pulses and 4 (12.5%) of the CG 
pulses in this study. Instead of having peaks leading up to the large main peak, as in 
Type II, this type has significant peaks after the large, main peak, before the 
overshoot. For the IC pulses of this type, there was just a single peak after the largest. 
The CG pulses were more varied, but similar. Some of these pulses had multiple 
peaks after the largest peak, while two of these pulses had their largest peak in the 
middle of two smaller peaks.  
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Although the description is similar to Type II, with significant peaks after the 
main peak instead of before, for ICs the average duration was a shorter 48 µs. The 
CG pulses’ average duration was 45 µs, which is relatively close to the average IC 
duration.  
4.4.     Type IV 
The fourth type contains 6 (25%) of both the most complex and the longest 
duration IC pulses. No CG pulses were observed with a similar form. Each Type IV 
pulse had significant peaks before the largest peak, and several have peaks following 
it as well. While some pulses in the other three types had separate peaks nearby in 
time, the pulses grouped here had many pulses in quick succession. Their close 
proximity in time made it difficult to separate the peaks into separate IB pulses, even 
though the pulses did return to zero before the next, unlike Type II. Type IV is the 
group that was mentioned above that has two separate durations considered, with the 
shorter average duration of 110 µs, and the longer average duration of 275 µs.  
4.5.     Type V 
The last group only contains CG pulses. It is similar to the CG pulses of Type II, 
with some having a small change or several peaks leading up to the main peak. 
Unlike CG Type II, this group of pulses is categorized by the additional peaks 
contained within the overshoot portion of the waveform. It contains 7 (12.9%) of the 
CG pulses, and the group had an average duration of 47 µs.  
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5. Conclusions 
This study has focused on the largest IB pulse in 32 CG flashes and 23 IC flashes. 
Two main investigations were carried out: (1) a comparison of the range-normalized 
amplitude of the pulses to other parameters and (2) a characterization of the pulse 
shapes. 
Concerning the pulse amplitudes, range-normalized to 100 km, we find the 
following: 
1. The histograms of IC and CG amplitudes (Figure 4) are essentially identical as 
are the means and medians of the distributions. This result is surprising since 
the IC and CG flashes are different in a number of ways. IC flashes initiated at 
higher altitude (8.8 km on average) than CG flashes (5.8 km on average) (see 
Figure 5), and the IB pulse durations were substantially different with IC pulses 
averaging 70 µs versus 37 µs for CG pulses (see Figures 7 and 8). Also, the IB 
pulse amplitudes of IC flashes showed an altitude dependence that was not 
seen in the CG flash data (see Figure 5). 
2. The pulse amplitudes were compared to their time of occurrence (Δt) since the 
beginning of the flash. Most (76%) of the pulses occurred within 2 ms (Δt < 2 
ms), and the largest range-normalized pulse amplitudes (> 3 V/m) occurred 
within 1.5 ms of the beginning of the flash (Δt < 1.5 ms). However, in some 
flashes (mainly IC flashes), the largest IB pulse occurs relatively late in the 
flash development (Δt > 3 ms), and for these flashes the pulse amplitudes were 
relatively small (< 1.5 V/m). We do not understand what physical 
mechanism(s) can produce the observed distribution of amplitude versus Δt. 
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Perhaps the IB stage of flashes can develop in two different ways. We note that 
larger amplitude pulses tend to have shorter pulse durations (see Figure 7) 
regardless of type (IC or CG) despite the fact that the IB pulses of IC flashes 
have longer durations on average.  
Concerning pulse shapes, the two main results we find the following: 
3. IB pulse shapes can be more complicated than the typical shape described by 
Weidman and Krider [1979]. Weidman and Krider believed that each IB pulse 
had a bipolar shape “with several fast, almost unipolar pulses superimposed on 
the initial half cycle.” While this definition fit very well with our second group 
of pulses (Type II), we discovered that these “almost unipolar pulses” were not 
exclusive to the initial half cycle. The IB pulses in this study varied widely, and 
were separated as follows: pulses that had no associated pulses on the wave 
form (Type I), pulses with other superimposed pulses on the rising side of the 
wave form (Type II), pulses with significant peaks on the falling side of the 
wave form, before the overshoot (Type III), and two groups that were more 
complicated and only seen in IC flashes (Type IV) and CG flashes (Type V).  
4. In agreement with Wu et al. [2014], IB pulse shapes do not seem to be the 
same as Narrow Bipolar Pulses. Wu et al. emphasized the “abrupt change” 
necessary for a pulse appropriately narrow to be considered an NBP, and this 
feature is not observed in any of the 55 IB pulses we examined.  
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APPENDIX A 
In this Appendix, all 55 of the IB pulses are shown, separated by waveform type, as 
described in section 4 above. The duration of each pulse is marked in each figure. 
I. Type I 
1. Type I IC Pulses  
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2. Type I CG Pulses  
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II. Type II 
1. Type II IC Pulses  
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2. Type II CG Pulses  
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III. Type III 
1. Type III IC Pulses  
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2. Type III CG Pulses  
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IV. Type IV (Only IC Pulses)  
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V. Type V (Only CG Pulses) 
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